Antiferromagnetic materials (AFM) recently have shown interest in the research in spintronics due to its zero stray magnetic field, high anisotropy, and spin orbit coupling. In this context, the bi-metallic AFM Mn2Au has drawn attention because it exhibits unique properties and its Neel temperature is very high (TN = 1500 K). Here, we report spin pumping and inverse spin Hall effect (ISHE) investigations in Mn2Au/CoFeB bilayer system using ferromagnetic resonance. We found large spin Hall angle θSH = 0.22 with comparable spin Hall conductivity i.e. σSH = 1.46 × 10 5 ( /2e) Ω −1 m −1 to the Pt. Further, we have evaluated the effective spin mixing conductance g ↑↓ ef f = 3.27 × 10 18 m −2 and intrinsic spin mixing conductance g ↑↓ r = 8.83× 10 18 m −2 which are higher than the previously reported value (1.40 × 10 18 m −2 for Mn2Au/Y3Fe5O12).
I. INTRODUCTION
Antiferromagnetic materials (AFM) have shown significant potential for the applications in spintronics devices [1, 2] . High magnetic anisotropy, zero net magnetization, and hence zero stray magnetic field make them insensitive to the external magnetic field. It helps in the reduction of the bit size in the data storage by removing any cross talk between the stored information unlike ferromagnetic (FM) materials [3] . In addition, they have shown high spin orbit coupling (SOC) which is very useful for the charge to pure spin current conversion or vice versa by spin orbital torque and spin pumping phenomena [4, 5] . Pure spin current is very useful for the fabrication of power efficient spintronics devices [6] . Spin current can be converted into charge current in a FM/nonmagnetic (NM) heterostructure through a phenomenon known as inverse spin Hall effect (ISHE) [7] . The NM is desired to exhibit high SOC and usually considered to be the heavy metals such as Pt, Ta, W etc. The converted charge current in NM layer can give measurable electric field ( E ISHE ) which is given by [7] :
where
where θ SH is the spin Hall angle which defines spin current ( J s ) to charge current ( J c ) conversion efficiency,m is the unit vector of magnetization and σ is the spin matrices governed by the spin polarization direction. Therefore, in order to obtain high E ISHE and hence spin mixing conductance (g ↑↓ r ) in a FM/NM heterostructure, θ SH of the NM needs to be large. [32] . They have prepared thin films of Mn 2 Au by post thermal treatment of Au/Mn/Au layers. It has been found that deposition conditions may change the structural phase and resistivity of the NM material, which are key parameters to observe large value of θ SH . Further high value of θ SH was observed in case of Pt [32] , Ta [33] , and W [34] when these NM films were prepared in high resistive beta phase. Considering these aspects, we have prepared high resistive ( ∼ 8 times higher than reported in [31] ) Mn 2 Au thin films from a stoichiometric target by sputtering. It should be noted that Y 3 Fe 5 O 12 is an insulating ferrimagnetic and having low magnetic moment, which limits its use for the device applications. Further growth of Y 3 Fe 5 O 12 requires Gd 3 Ga 5 O 12 (GGG) substrate for good lattice matching. However GGG substrates are very expensive. Therefore, it is desired to explore new combinations of Mn 2 Au and other low damping FM materials. In this context CoFeB (CFB) is a low damping material, which usually grows amorphous at room temperature. CFB has been widely used in magnetic tunnel junction based devices [35] , which makes it suitable candidate for spin pumping studies. Here, we report the study the spin pumping and ISHE in Mn 2 Au/Co 40 Fe 40 B 20 bilayer. We have observed large value of θ SH = 0.22 which is about five times higher than reported in reference 31 [31] . We have also evaluated spin interface transparency and spin Hall conductivity in Mn 2 Au/Co 40 Fe 40 B 20 , which are new information for a Mn 2 Au based system.
II. EXPERIMENTAL DETAILS
We fabricated Mn 2 Au (10 nm)/Co 40 Fe 40 B 20 (5 nm)/TaO x (2 nm) bilayer thin film by dc magnetron sputtering. The base pressure of the vacuum system (manufactured by Mantis Deposition Ltd., UK) was better than 5 × 10 −8 mbar. During growth of Mn 2 Au thin film the substrate temperature was kept at 200 • C. Subsequently, the sample has been cooled down to room temperature in the vacuum and then Co 40 Fe 40 B 20 thin film was grown. A thin Ta layer was also deposited on top of the Co 40 Fe 40 B 20 layer to protect it from oxidation. In our case, Ta layer naturally oxidize to form T aO x layer. We have also deposited a control sample having structure Co 40 Fe 40 B 20 (5 nm)/ TaO x (2 nm) for reference in same growth conditions. Further, in order to confirm the crystalline quality and phase of Mn 2 Au, we deposited a 20 nm thick Mn 2 Au thin film. The deposition conditions were kept same which were used for the fabrication of Mn 2 Au (10 nm)/Co 40 Fe 40 B 20 (5 nm)/TaO x (2 nm) sample. All samples were deposited on MgO(100) substrate. For obtaining smooth surfaces and removing water vapors, the MgO(100) substrate was heat treated at 600 • C/1hr before deposition of Mn 2 Au thin film. We performed x-ray diffraction (λ = 1.5418Å) in θ-2θ geometry (in a Rigaku diffractometer) for characterizing crystalline quality of the samples. X-ray reflectivity (XRR) was measured for thickness and interface roughness measurements. FMR measurements have been performed in the frequency range 5-17 GHz to evaluate the damping properties, where sample was kept in the flip chip manner on a 200 µm wide coplanar wave guide (CPW). ISHE measurements have been performed by connecting a nanovoltmeter (Keithley 2182A) at the two ends of the sample by silver paste at a fixed frequency. The schematic of the measurements configuration of the FMR and ISHE are shown in Fig. 1(c) . The detailed methodology of FMR and ISHE have been described in our earlier report [20, 45] . Fig. 1(a) shows the x-ray diffraction of the single layer Mn 2 Au film of 20 nm thickness deposited on MgO (100) substrate. We have observed the diffraction peaks of Mn 2 Au corresponding to (101) and (200) planes. We did not observe any diffraction peak in the grazing incidence x-ray diffraction. It indicates the texture growth of Mn 2 Au thin films. Fig. 1(b We performed measurements of FMR spectra in the frequency range of 5-17 GHz as shown in Fig. 1(d) (Open symbols). In order to evaluate the values of resonance field (H res ) and line width (∆H ) from the FMR spectra, we fitted experimental data by Lorentzian function:
III. RESULTS
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where K 1 and K 2 are coefficient of the anti-symmetric and the symmetric components, respectively. Figs. 2(a) and (b) show the plots of frequency (f ) versus H res and ∆H versus f, respectively. In order to find the values of effective demagnetization (4πM ef f ) and gyromagnetic ratio (γ); experimental data as shown in Fig. 2 (a) was fitted to Kittels equation [36] which is given by:
where and t F M , H K , K s , M s are thickness of FM layer,anisotropy field, perpendicular surface magnetic anisotropy constant, and saturation magnetization, respectively. The values of the damping constant (α) was calculated by fitting experimental data of Fig. 2(b) using the following equation [37] :
where ∆H 0 is the inhomogeneous line width broadening. It depends on the magnetic homogeneity of the sample. This equation gives effective value of damping constant. It may included other effects e.g. interface effect, impurity, magnetic proximity effects (MPE) etc., which also can enhance the value of α of the system. Therefore, we can write the total α as:
where α int is the intrinsic damping, and α impurity , α mpe , and α sp are the contribution from impurity, magnetic proximity effect (MPE), and spin pumping to the damping constant, respectively [38] .
The linear behaviour of ∆H vs f plots implies the better homogeneity in our samples and it rules out any possibility of two magnon scattering in our samples. The evaluated value of α of Mn 2 Au (10 nm)/Co 40 Fe 40 B 20 (5 nm)/TaO x (2 nm) sample is found to be 0.00991± 0.00001. This value of α is higher than the value of Co 40 Fe 40 B 20 (5 nm)/TaO x (2 nm) (0.00896± 0.00001), which indicates that there may be the presence of spin pumping. However, we cannot rule out the enhancement of α due to other effects arising from interfaces. In order to confirm the spin pumping, we performed measurement of ISHE by connecting a nanovoltmeter across the sample, as shown in Fig. 1(c) . The measured dc voltage (V dc ) along with FMR signal plotted with magnetic field are shown in Fig. 3 . In order to distinguish symmetric (V sym ) and antisymmetric components (V asym ) experimental data of V dc (circle symbol) was fitted with Lorentzian function (solid line) which is [39] :
Solid lines are the fits to the experimental data. The V sym consists of major contribution from spin pumping, while minor contributions from anomalous Hall effect (AHE), and anisotropic magnetoresistance (AMR) effects. It should be noted that the AHE contribution is zero here if the rf field and H are perpendicular to each other, which is the case in our measurement. Whereas the AHE and AMR are the major contributions in the V asym components. Fig. 4 also shows the plot of V sym (dashed line) and V asym (dotted line) separately for the sample Mn 2 Au (10 nm)/Co 40 Fe 40 B 20 (5 nm)/TaO x (2 nm). In order to quantify spin pumping and other spin rectification contributions in-plane angle dependent measurements of V dc were performed at the interval of 3 • (Fig. 4) . It is a well-established method to decouple the individual components from the measured voltage [3840]. The model given by Harder et al. [41] has considered the rectification effects i.e., parallel AMR (V AM R|| asym/sym ) and perpendicular AMR (V AM R⊥ asym/sym ) to the applied rf field and the AHE contribution due to the FM layer. The relation between the measured voltage and those rectifi-cation effects are as follows [39] :
V AHE and V sp correspond to the AHE voltage and the spin pumping contributions, respectively. φ is the angle between applied H and the rf magnetic field which is 90 • in the present measurement. Further the AMR contribution also can be quantified by the following formula (39) :
The V AM R⊥,|| asym and V AM R⊥,|| sym are evaluated from the in-plane angle dependent V dc measurements by fitting those values by equations (9) To understand the effect of precession frequency on the ISHE, we performed frequency dependent measurement in the range 5 to 17 GHz at an interval of 0.5 GHz. Frequency dependent V dc is shown in figure 5(a) . It is observed that the measured voltage is highest at 6.5 GHz frequency. The value of V dc at the frequencies 7 and 10 GHz are having similar value, but, it is lower in the case of 8 and 9 GHz. Further, we plotted frequency dependent V sym and V asym which is shown in Fig. 6(b) . It is observed that the values of V sym and V asym are higher when the value of V dc is larger. We did not observe any clear trend of decreasing V sym and V asym with increase in frequency as observed by Vlaminck et al [42] . It is known that at higher frequencies the losses in CPW increases and also the precession cone angle (θ P ) decreases, therefore, it is expected that at higher frequencies the value of V dc will increase. In order to confirm this, we evaluated the values of θ P =h rf /∆H , where ∆H is the linewidth of FMR spectra, at different frequencies [42] . Figure 5(b) shows the graph θ P versus f (square symbols). It is observed that the values of θ P are decreasing continuously with frequency, however, measured V dc is not monotonously decreasing ( Fig.5(a) ). It is known that the magnitude of V dc should be higher at large cone angle due to second order dependence of J S ∝ sin2θ P [42] . It is noted that the values of θ P are very small compared to other reports [42, 43] , which is less than 1 • , which will not affect substantially. the V dc . Therefore, it is concluded that the θ P is not a major reason for the fluctuation in V dc with frequency. In order to understand this we plotted FMR signal (peak value) versus frequency, which is shown in Fig. 5 (b) (circle symbols). We compared the behavior of V dc and FMR signal with frequency ( Fig. 5(a, b) ) and observed that the behavior is mimicking each other. Therefore, it can be concluded that strength of FMR signal is the primary reason for the variation in V dc and hence V sym and V asym with frequency.
Spin pumping should increase with increase in rf power (P rf ) due to the linear dependence of h rf on P rf (h rf ∝ P rf ) [42] . Hence, we performed the power dependence measurements of V dc which are shown in the Fig.6(a) . It is showing that the V dc is increasing with power, which again indicates the presence of spin pumping. The evaluated V sym and V asym components are presented in the Fig.6(b) . It is clearly showing that V sym component is rapidly increasing with power in comparison of V asym component. Therefore, it is concluded that the spin pumping is the dominating phenomenon in our Mn 2 Au (10 nm)/Co 40 Fe 40 B 20 (5 nm)/TaO x (2 nm) system.
Effective spin mixing conductance (g ↑↓ eff ) is crucial factor to understand the spin transport across the FM-NM interfaces. The value of g ↑↓ eff can be calculated by the following expression using damping constant [6] :
where∆α, t F M , µ B , g are the change in the α due to spin pumping, the thickness of CoFeB layer, Bohr magneton, and Lande g-factor (2.1), respectively. The value of M S was 1069 emu/cc which was evaluated by measuring the sample in a superconducting quantum interference device (SQUID) based magnetometer. We found that the value of g ↑↓ eff is 3.27± 0.02 × 10 18 m −2 . This value is higher than the reported value (1.40 × 10 18 m −2 ) in the case of Mn 2 Au/Y 3 F e 5 O 12 system [31] .
In addition to the g ↑↓ eff , spin interface transparency (T) is another parameter which is useful for spin-orbit torquebased devices. The value of T is affected by the electronic structure matching of FM and NM layers. The following expression is used to calculate T [44] : 
where g ↑↓ r is the intrinsic spin mixing conductance which is given by (14) σ N M is the conductivity of Mn 2 Au layer. λ N M is the spin diffusion length of Mn 2 Au, (here we took 1.6 nm from the literature [31] ). The value of g ↑↓ r was evaluated to be (8.83 ± 0.02) × 10 18 m −2 .We found the value of T to be 0.61 ± 0.02. This value is comparable to the values people have reported for Pt and others heavy metal systems [44] . Further we have calculated the value of θ SH for Mn 2 Au (10 nm) by using the following expression [6]:
The resistivity of the samples was measured using the four probe technique. The ρ M n2Au and ρ CoF eB were obtained to be 1.50×10 −6 Ω − m and 2.31×10 −6 Ω − m respectively. σ corresponds to the conductivity of the individual layers. The rf field (µ 0 h rf ) and CPW transmission line width (w y ) for our measurement are 0.05 mT (at 15 dBm rf power) and 200 µm, respectively.
The estimation of θ SH is found to be 0.22 ± 0.01, which is one order higher than the value reported by Arana et al. [31] and comparable to the corresponding values for Pt. It is highest value of θ SH compared to other collinear antiferromagnetic systems. Resistivity of the NM layer play critical role in order to obtain high value θ SH as evidenced by equation 16 . It has been shown in the case of Pt [32] , Ta [33] , and W [34] that highly resistive phase shows the large value of θ SH due to shorter life time of carrier. Therefore, in our case we have grown highly resistive Mn 2 Au thin films compared to reported by Arana et al. [31] , which is caused to obtain large value of θ SH . Further, it is noted that that the value of θ SH critically depends on the spin diffusion length λ N M , which we took from the literature. Therefore, we have also calculated the θ SH for different values of λ N M and observed that for λ N M = 10 nm, it θ SH ∼ 0.076, which is still two times the value reported by Rana et al. [31] . We have also evaluated spin Hall conductivity σ SH = 1.46 × 10 5 ( /2e) Ω −1 m −1 which is comparable to the values for Pt [32] .
IV. CONCLUSIONS
We have investigated the inverse spin Hall effect and spin pumping in the Mn 2 Au/CoFeB system. In order to disentangle various spin rectification effects we have performed the angle dependent ISHE. It is observed that in our sample spin pumping is the dominant phenomenon. Further, we have evaluated the effective mixing conductance which is found to be higher than the reported values for Mn 2 Au. Also, we have calculated the spin Hall angle which found to be 0.22 ± 0.01, which is probably highest value so far in case of any reported collinear antiferromagnetic material. Therefore, Mn 2 Au is a suitable candidate for antiferromagnetic spintronics and work as a replacement for Pt and other heavy metal.
